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The ultrafast photophysical and photochemical processes that occur in DNA following UV excitation have been the subject of intense investigation, since the absorption of UV radiation can lead to biological damage, including mutations and strand breaks.
1,2 Such photodamage processes display low quantum yields, however, due to the operation of non*radiative decay mechanisms that enable nucleobases to dissipate the harmful electronic excitation into more benign thermal energy. Much effort has been expended into obtaining a molecular*level understanding of these processes, with a particular focus both experimentally and theoretically on adenine.
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Gas*phase experiments provide a useful complement to solution*phase measurements, since they can often provide more detail and allow a more straightforward comparison between experiment and theory. Instrumental developments linking electrospray ionisation with UV laser spectroscopy provided a route to extend earlier gas*phase experiments on the simple nucleobases to the more complex oligonucleotides. 9*16 For example, Marcum et al. have used photodissociation spectroscopy to study photodamage in isolated mononucleotides, 10 and Chatterley et al. have used time*resolved photoelectron imaging spectroscopy to explore the ultrafast dynamics of the nucleotide and selected oligonucleotides of adenine. 11 One of the key questions raised by these studies is the extent to which the native negative charge carried by a deprotonated oligonucleotide can affect the intrinsic photophysics and photochemistry of the adenine moiety.
In this work, we present the first gas*phase UV laser photodissociation spectra of a series of deprotonated anions of adenosine 5'*triphosphate (ATP), diphosphate (ADP) and monophosphate (AMP), illustrated in Scheme 1. Adenosine 5'*triphosphate plays the central role in the storage and distribution of energy in cells, and is also of key importance in signal ATP is an important biological molecule, our focus in this work is on using the ATP/ADP/AMP series of molecules as a facile test system to investigate the effect of changing the charge state on the UV photochemistry of adenine nucleobase. The question of how an adjacent negative charge influences the UV photophysics of a nucleobase is also of fundamental relevance to the correct interpretation of a number of recent laser experiments on molecular clusters that include nucleobases, e.g. iodide ion*nucleobase clusters and platinum complex anion*nucleobase clusters. 18*21 Importantly, Compagnon et al. identified a strong bathochromic shift in the electronic excitation of tryptophan on going to the monoanionic deprotonated species. 22 This shift was attributed to the impact of an adjacent excess negative charge on the tryptophan chromophore. The experiments performed here allow us to investigate whether this is a general phenomenon or an effect specific to the tryptophan system.
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Gas*phase UV photodepletion and photodissociation experiments were conducted in an AmaZon quadrupole ion*trap mass spectrometer, which was modified for conducting laser experiments as described in detail previously. 20 UV photons were produced by an Nd:YAG (10 Hz, Surelite) pumped OPO (Horizon) laser, giving ~1 mJ across the range 215*345 nm.
The laser step size employed was 1 nm. Photofragmentation experiments were run with an ion accumulation time of 100 ms. A fragmentation time of 100 ms was employed, so that each mass*selected ion packet interacted with one laser pulse. Moreover, due to the fact that the ions are continually circulating within the ion cloud, the probability of multiphoton excitation of an ion is very low. This was verified by conducting laser power studies across the scanned spectral range, which showed that ion photodepletion was linear with respect to laser power, consistent with single photon absorption. The photodepletion intensity (PD) of the clusters and the photofragment production (PF) have been calculated using equations 1 and 2 and are presented as a function of the photon energy. D, T and = 1,2.) These spectra can be considered as gas*phase absorption spectra, in the limit where fluorescence is not a significant decay channel following electronic excitation.
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The spectra are all similar in that they display broad absorption features between ~4.6*5.2 eV, with the photodepletion cross section remaining considerable (or increasing) towards the high*energy limit of the scans. We note that the photodepletion intensity of ATP is markedly smaller than the photodepletion intensities of AMP and ADP, indicating that the ATP anions are inherently more photostable than the AMP and ADP analogues. To test that the photodepletion spectra correspond to single*photon absorption spectra, laser*power dependent photodepletion measurements (0.5 to 1.5 mJ) were conducted at 4.9 eV, close to the maxima of the broad absorption maxima bands. Figure 2 displays these power*dependent measurements, which are linear across this range, confirming that photoexcitation under the experimental conditions employed here (100 ms fragmentation time, 1.0 mJ pulse energy) is a one*photon process. Figure 3 presents the aqueous absorption spectra of solutions of ATP recorded at a range of pHs (between 1 and 12) for comparison with the gas*phase spectra. Despite the change in pH, these solution*phase absorption spectra are remarkably similar, displaying a prominent absorption between 4.6 and 5.2 eV (λ max~4 .75 eV), followed by a strongly increasing absorption profile towards the high*energy limit of the scan. The λ max~4 .75 eV absorption band has been associated with the π*π* transition centred on the adenine moiety, 6, 7, 27, 28 and this feature dominates the spectra irrespective of the fact that the various ATP solutions will contain mixtures of differentially deprotonated ATP, ADP and AMP species.
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Returning to the gas*phase photodepletion spectra (Figure 1 ), we therefore assign the broad absorptions observed between ~4.6*5.2 eV as arising from the same, predominantly adenine* centred π*π* transition that appears with λ max~4 .75 eV for the solution*phase ATP species. that display a considerably more sharply increasing absorption profile towards high energy compared to the ADP and AMP species. We note that the strong absorption towards the high*energy tail we observe here mirrors the spectral profile of solution*phase ATP ( Figure   3 ).
It is instructive to consider where the photodepletion spectra appear with respect to the electron detachment energies of the [ , which we predict to have vertical detachment energies of 3.10 and 4.11 eV. However, the threshold for electron detachment is only reached around ~5.3 and 6.0 eV, 30 respectively, when the repulsive coulomb barrier (RCB) for electron detachment is exceeded. 31,32 Therefore, the dianion photodepletion spectra also lie predominantly below the electron detachment continuum, although there is likely to be some photodetachment below these energies associated with electron tunnelling through the RCB.
31,32
While the overall spectral profile is similar for all of the [AXP* H] * anions, it is evident that there are differences between the spectral profiles. One prominent example of this is the way that the ATP species (Figures 1c and 1e ) display a much more strongly increasing photodepletion cross*section to high*energy. To further explore the differences in the photodepletion spectra and the decay pathways that follow photoexcitation, 33 we will investigate the spectral profile for the photofragment production spectra that accompany the photodepletion spectra in Section 3iii. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 This is despite the fact that this photoexcitation energy, although greater than the adiabatic electron affinity, is still considerably below the electron detachment onsets associated with exceeding the RCB (see Section 3i).
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For systems where photoexcitation is followed by rapid decay back to the ground*state surface and subsequent ergodic (statistical) dissociation, the photofragments are expected to mirror the HCD fragments produced when an amount of energy equivalent to the photon energy is deposited in the ground*state system.
9,10
Inspection of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 similar decay pathways following photoexcitation at 4.9 eV, irrespective of the charge state or the phosphate chain length. This picture is consistent with the photodepletion spectra discussed above, and with the known photophysics of adenine (i.e. ultrafast decay with subsequent ergodic dissociation), 5*9 and thus again indicates that the adenine moiety is largely unaffected across the [AXP*nH] n* series. Table 3 compares the photofragment mass spectra observed following photoexcitation at 5.6
eV with the ionic fragments produced upon HCD at 36% collision energy. The propensity for production of lower mass fragments (e.g. PO 3 * and H 2 PO 4 * ) can be seen to increase, as both the laser excitation energy and the collision excitation energy increase. As for the 4.9 eV photoexcitation data presented above, similar fragmentation patterns are observed for both laser excitation and collisional excitation, indicating that a largely ergodic dissociation process is also occurring at high*energy, along with the additional multiply*charged anion photofragment pathways. 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the overall photodepletion spectrum (Figure 1a) , where a step is visible at ~4.85 eV associated with production of the [A*H] * photofragment peaking at this excitation energy. , increases towards the high*energy region of the spectrum, and the overall patterns for production of photofragments as a function of excitation energy mirrors those observed using high*energy collisional excitation. The energy redistribution process involved in ergodic dissociation following fast internal conversion back to the ground state may not exactly match the energy transfer (and subsequent energy redistribution) that occurs upon higher* energy collision induced dissociation. However, the close relationship between photofragments and collisional fragments observed here, strongly indicates that the [AXP* nH] n* anions do undergo rapid conversion back to the electronic ground state following photoexcitation, as would be expected for a system with a largely adenine*centred chromophore.
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The ultrafast dynamics of adenine following 4.66 eV photoexcitation was also investigated by Verlet and co*workers via time*resolved photoelectron imaging of the deprotonated 3'* deoxy*adenosine*5'monophosphate nucleotide, and its di* and trinucleotides.
11,12
These experiments revealed that the dynamics of the base are relatively insensitive to the surrounding environment, and led to the conclusion that the decay mechanism primarily involves internal conversion from the initially populated 1 π*π* states to the ground states.
These results again mirror the results found in this study, across the 4.4*5.2 eV absorption band. In another related work, Weber and co*workers studied the photodissociation spectroscopy of a series of deprotonated nucleotides, including deprotonated 2'*deoxy* adenosine*5'*monophosphate. 10 Their results are again largely consistent a photodecay mechanism that involves rapid electronic relaxation followed by unimolecular fragmentation on the vibrationally hot ground*state surface.
The results presented herein complement these earlier results, since they demonstrate how the ATP anions appear to share much of the photophysical properties that were observed previously. Photoexcitation across the 4*5.8 eV region appears to largely follow the expected adenine*centred excitation followed by rapid relaxation via a conical intersection and subsequent ground*state statistical decay. The TDDFT calculations provide a picture of Page 15 of 43
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One interesting point of note in comparing the ATP experiments conducted with the deoxy* nucleotides studied by Verlet and Weber is that the presence of two OH groups on the ribose in the ATP analogues, means that the anions are able to maintain a hydrogen*bond network across the molecular ion (see Section S1 of the supporting information for calculated geometric structures). Such molecular structures have recently been identified to facilitate ultrafast decay mechanisms, 7 and appear likely to be a key factor in the overall photostability of ATP.
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